Background
Occupations with work tasks that result in high emissions of airborne particles pose a risk for respiratory health effects according to the national institution of occupational safety and health, occupational safety and health administration, and the world health organization [1] [2] [3] [4] . Welding exposure has been shown to induce a number of negative health effects and symptoms, including bronchitis, siderosis, asthma, metal fume fever, lung function changes, immune suppression, pulmonary infection, and cancer [5, 6] . During welding, base materials and a filler material are fused at high temperature using different methods, e.g. gas metal arc welding and manual metal arc welding and a mixture of gases and agglomerated particles (networks of interconnected particles) are released into the air [7, 8] . The sizes of the agglomerates (typically ~ 100-1000 nm) are in the respirable range, which means that they can be inhaled and exert potentially negative airway effects. The agglomerates are typically built up of primary nanoparticles, which are in the range of 2-70 nm in diameter [9] . The welding fume particles consist of a complex mixture of different metals, e.g. iron, manganese metal oxides [10] , and other trace elements depending on the type of welding method and the electrode material, e.g. mild steel or stainless steel [8] .
It has been shown that although the exposure levels do not normally exceed current Swedish permissible occupational exposure limits for inorganic respiratory dust (5 mg/m 3 ), there is a high frequency of upper and lower respiratory symptoms among welders [11, 12] . Previous studies have suggested that welding particle exposure induces oxidative stress and an inflammatory response [13, 14] . Elevated levels of tumor necrosis factor-α (TNF-α), interleukin (IL)-1, IL-6, and IL-8 have been observed after welding exposure [15] [16] [17] . It has also been shown that even at low exposure levels in a controlled human chamber study where no clinical symptoms were recorded, biomarkers of inflammation were still induced [18] . There is a need for a deeper understanding of the mechanisms involved in the responses induced by welding fume particle exposure, and the identification of proteins and pathways associated with welding fume particle exposure is an important step in this regard.
A combination of different mass spectrometry techniques can rapidly and comprehensively identify and quantify protein contents in highly complex samples [19] . During the discovery phase, shotgun proteomics can serve as a valuable tool in rapidly generating a global profile of the protein changes linked to a specific event. Processing the results from the discovery analysis with the bioinformatics-based ingenuity pathway analysis (IPA) can generate hypotheses on the mechanistic pathways that are induced [20] . Measurement of the identified proteins with a targeted LC-coupled selected reaction monitoring (LC-SRM) method offers a better opportunity to validate multiple biomarker candidates simultaneously because it offers high-throughput analysis and is able to provide label-free relative quantification as well as absolute protein quantification.
The aim of this study was to investigate the effects on the proteome level induced by welding fume particles at exposure levels well below the present Swedish permissible occupational exposure limit in welders with workrelated lower airway symptoms.
Methods

Materials
Amicon Ultra-0.5 centrifugal filters (cut-off 3 kDa) were purchased from Millipore (Bedford, MA, USA). The micro bicinchoninic acid (BCA) protein assay kit was from Thermo Scientific (Rockford, IL, USA). Trypsin (sequencing grade) was purchased from Promega Corporation (Madison, WI, USA). Calcium chloride, formic acid (FA), hydrochloric acid, and ammonium acetate were purchased from Merck (Darmstadt, Germany). Dithiothreitol (DTT) and iodoacetamide were purchased from Sigma-Aldrich (St. Louis, MO, USA). Acetonitrile (ACN) was purchased from Lab-scan (Dublin, Ireland).
Study subjects
Welders (n = 11) with work-related lower airway symptoms (wheezing, dyspnoea, and/or cough) in the last month were recruited for the study. The inclusion criteria are described in more detail by Dierschke et al. [13] . Briefly, the study subjects were all non-smoking men ranging from 29 to 66 years of age. Baseline medical examinations of the participants were conducted and included standardized questions about past and current respiratory and cardiovascular diseases and allergies. Work-related symptoms (defined as symptoms that recovered during weekends and holidays) from the upper airway at least once a week during the last month were also recorded. Six welders reported work-related nasal symptoms (runny nose, itching/sneezing) during regulating lipid signaling. Proteases involved in maintaining the balance between the formation and degradation of extracellular matrix proteins are important key proteins in the induced effects.
Keywords: Chamber study, Welding fume particles, Nasal lavage, Effects, Proteomics, Mass spectrometry, Pathways the last month, and three welders showed a positive skin prick test for a standard panel of aeroallergens. Furthermore, lung function (FVC and FEV 1 as % of predicted) and methacholine test (PD 15 ) were carried out [18] . For the whole group the lung function was normal: FVC: 99 (72-114) and FEV 1 : 101 (66-132; % of predicted, median, min-max). Two out of 10 subjects had signs of bronchial hyperreactivity (PD 15 < 167 µg methacholine). One welder started coughing during the test, thus it could not be completed. The two hyperreactive welders were among the three subjects with slightly decreased lung function.
Study design
The subjects were exposed in an exposure chamber (22 m 3 ) for 5.5 h with a lunch break for 1 h after 2.5 h of exposure to either filtered air or welding fumes at a concentration of 1 mg/m 3 (PM 2,5 ) as described previously [21] . Briefly, particles were generated by gas-metal arc welding in mild steel and collected in a closed chamber from where they were diluted in fresh air via a carbon filter for removal of gases and then fed into the exposure chamber. The composition of the welding fume particles was mainly iron oxides and up to 20% manganese. The primary particle size ranged from 2 to 70 nm, and aggregates with a mean mobility diameter of 160 nm were formed. The exposures were conducted in a double blind fashion and were performed on two Mondays with 1 week in between, making sure that no occupational exposure to welding occurred for at least 48 h prior to the experimental exposure. Nasal lavage fluids were collected on four occasions, twice prior to exposure and twice after, by instilling the nasal cavity with 18 mL of an isotonic saline solution. The first sample was a washout (NL 0, not analyzed), and the second was the baseline sample (NL 1) that was taken 30 min after the wash out. The third sample was collected immediately at the end of the exposure (NL 2), and the fourth was taken at 18-20 h after the end of the exposure (NL 3). An overview of the exposure and sample collection is given in Fig. 1 . All samples were stored at − 80 °C until analysis. Two subjects had missing samples and were therefore excluded in the analysis of the pooled samples.
Samples
Mechanistic pathways were first investigated by analyses of pooled samples on a group level to look for indications of global protein changes using a shotgun proteomic hypothesis-generating method. Findings from the shotgun analysis were further investigated by analyses of individual samples using a targeted label-free analysis with relative quantification of all measured proteins and with absolute quantification of five specific proteins that had been indicated by the shotgun analysis to be associated to the exposure (Fig. 2) .
The total protein content in each nasal lavage fluid sample was determined using a BCA protein assay kit.
Welders with symptoms N = 11 (9 with no missing samples) NL 1 NL 2 NL 3
Welding fume particle exposure X X X Filtered air exposure X X X NL 0 NL 1 N L 2 NL 3 Fig. 1 Overview of study design and nasal lavage sampling. The subjects were exposed for 5.5 h to either filtered air or welding fumes at 1 mg/ m 3 (PM 2.5 ). Nasal lavage fluids were collected on four occasions, twice prior to exposure and twice after. The first sample was a washout (NL 0, not analyzed), the second was the baseline sample (NL 1), which was taken 30 min after the wash out, the third sample was collected immediately at the end of exposure (NL 2), and the fourth sample was taken 18-20 h after the end of the exposure (NL 3). Two subjects had missing samples and were therefore excluded in the analysis of the pooled samples
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Analysis of pooled samples with discovery shotgun method
Equal amounts of total protein (50 µg) were pooled from all subjects with samples collected at all time points (n = 9), resulting in six pooled samples. The six samples resulted from the samples collected at the three time points (NL 1, NL 2, and NL 3) and for both types of exposure (welding fume exposure or filtered air exposure) (Fig. 1 ). Samples were reduced with DTT (1.25 mg/ mg protein) for 1 h at 60 °C and then alkylated with iodacetamide (2.5 mg/mg protein) for 30 min at room temperature and in darkness. Samples were desalted in centrifugal filters (cut-off 3 kDa) at 4500×g for 2 h and then washed with 300 µl 50 mM ammonium acetate three times followed by centrifugation at 4500×g for 30 min. Proteins were then trypsin digested (1:20 trypsin:protein) overnight at 37 °C with Promega trypsin and 1 mM calcium chloride.
Instrumentation and data analysis
Protein digests (250 ng/injection) were loaded into a nano liquid chromatography system (EASYnLC, Thermo Scientific, Waltham, MA, USA) with a C18 column (100 mm × 0.75 μm, Agilent Technologies, Santa Clara, CA, USA) coupled to a high-resolution mass spectrometer (Orbitrap Velos Pro, Thermo Fisher). Peptides were separated using a 70 min increase from 2 to 40% ACN, supplemented with 0.1% FA, followed by an increase to 90% ACN for 10 min. Peptides were analyzed by a datadependent acquisition method utilizing collision-induced dissociation for sequencing on an LTQ Velos Orbitrap Pro mass spectrometer (Thermo Scientific). Identification and relative quantification was performed with the MAXQuant software against a human database downloaded from Uniprot (October 31, 2015). Protein levels were determined using label-free quantification based on peptide intensity with at least two peptides (unique and razor, with at least one unique peptide). Relative protein quantification was performed by normalizing each protein level against the protein level found in the baseline sample (the nasal lavage sample collected before exposure) for each exposure, thus the ratios were NL2/ NL1 and NL3/NL1, respectively. For a protein to be further evaluated with the targeted method, it had to be detected in at least 50% of the samples (in at least 3 of 6) and have a ratio for being categorized as an increased or decreased protein level of > 1.3 or < 0.8, respectively. When selections according to these criteria were made, a total of 137 welding-associated proteins were identified (Additional file 1). These proteins were further analyzed with IPA (Additional files 2, 3, 4).
Analysis of individual samples with the targeted SRM method
The samples were evaporated and dissolved in 50 mM ammonium acetate to a concentration of 400 µg/mL. Proteins were reduced, alkylated, and trypsin digested. All samples were spiked with isotopically labeled standards from matrix metalloproteinase (MMP)9 (4 fmol/µL), alpha-1-antitrypsin (A1AT) (4 fmol/µL), alpha-2-macroglobulin (A2MG) (4 fmol/µL), apolipoprotein (APO)B (4 fmol/µL), and elastin (120 fmol/µL). The digested samples were desalted on a solid-phase extraction column (Evolute ABN 25 mg packing material, 1 mL column, Biotag, Uppsala, Sweden) by loading the digested sample onto the column according to the instructions from the manufacturer. The peptides were eluted with a gradient of 200 mL 30% ACN, 40% ACN, 70% ACN (and 0.1% FA), and 90% ACN, and the solution was evaporated to dryness (SpeedVac, HT-4X Evaporator, Genevac Inc, USA) and reconstituted in 200 μL 0.1% FA (≈ 1 mg/mL). Samples were analyzed twice (20 μg protein per injection). To avoid systematic bias, all samples originating from the same subject but from different time points were prepared and analyzed at the same time.
Instrumentation
The SRM analyses were conducted using a 5500 QTRAP hybrid triple quadrupole/linear ion trap mass spectrometer equipped with a TurboIonSpray source (Applied Biosystems/MDS Sciex, Framingham, MA, USA) connected to an LC system (UFLCXR; Shimadzu Corporation, Kyoto, Japan; LC-SRM-MS). The peptides were separated on a C18-column (XBridge peptide BEH C18, 130 Å, 3.5 µm particles, 2.1 mm × 100 mm, Waters Corporation, Milford, Massachusetts, USA) in a 32-min run using a gradient flow of 0.4 mL/min with 0.1% FA in water (A) and 0.1% FA in ACN (B) as mobile phases. The LC gradient was increased from 5 B to 10% B for 10 min, from 10 B to 25% B for 15 min, and from 25 B to 95% B for 1 min where it was kept for 2 min. The column was recalibrated to 5% B for 4 min before the next sample injection.
SRM assays
Selection of SRM assays
Addition of nasal lavage protein SRM assays were added to a method already developed in a previous study [22] . In total, SRM assays for 77 proteins were used from the original SRM method, and new SRM assays were developed for an additional 53 proteins (Additional file 5).
Unique peptides were chosen for the SRM assays with at least three transitions per peptide and 1-4 assays per protein were used. The tool UniMaP (http://biose rver-1. bioac ademy .gr/Biose rver/UniMa P/Tool_index .php) was used to control if all selected peptides were unique for the targeted protein. The added SRM assays were generated by measuring nasal lavage protein digests in full scan and product ion scan with LC-SRM-MS/MS with a dwell time of 10, 4, and 3 ms. Collision energies were generated in Skyline software according to the earlier developed protocol [22] . Robust transitions with high intensity and good reproducibility [less than 20% coefficient of variation (CV)] were further selected.
The final SRM method contained 256 precursors with 811 transitions targeting 130 proteins and 4 in vivo peptide degradation products from collage 4A1 and elastin (the peptide degradation products were previously determined [23, 24] ) (Additional file 6).
Selection and optimization of SRM assays for proteins selected for absolute quantification
The proteins MMP9, A1AT, APOB, A2MG, and elastin were selected for absolute quantification. The peptides selected to represent the protein were chosen based on a minimal probability to be missed or partly cleaved or to be biologically or chemically modified [25] . One peptide for each protein was selected, and this peptide (the standard peptide) and the corresponding isotope-labeled peptide (to be used as the internal standard) were purchased from New England Peptide (Gardner, MA, USA).
The collision energy was optimized, and the ion fragments with the highest intensity were selected (Additional file 7). Sensitivity for the selected SRM transitions was assessed by determining the peak area of the quantifier ion of the targeted peptide after injecting 100 fmol of the standard and the internal standards for MMP9, A1AT, A2MG, APOB, and elastin via infusion. The impact of the matrix was assessed by comparing the chromatographic peaks of the transitions in the presence and absence of biological matrix (pooled nasal lavage from 30 volunteers) to assess whether tryptic peptides of nasal lavage proteins interfered with the intended target peptides.
Absolute quantification of five proteins
Calibration curves with and without biological matrix were prepared at concentrations of 30, 23, 15, 7.6, 3.8, 1.5, 0.76, 0.38, 0.076, and 0 fmol/µL. The samples for each calibration point were prepared separately and analyzed twice by LC-MS/MS. All calibration samples were spiked with isotopically labeled standards for MMP9 (4 fmol/ µL), A1AT (4 fmol/µL), A2MG (4 fmol/µL), APOB (4 fmol/µL), and elastin (120 fmol/µL) (Additional file 8).
Determination of the limit of detection (LOD)
LOD was determined by calculating the concentration corresponding to three times the standard deviation of the peak area ratios between the peak area at noise level and the peak area of each corresponding internal standard of eight blank samples and thus LOD in this case corresponds to the noise level that prevailed.
Reproducibility of the method
The stability of the sample preparation and the reproducibility of the mass spectrometry analyses were determined by analysis of quality control samples. The samples were composed of pooled nasal lavage samples spiked with the different isotopically labeled peptides MMP9 (4 fmol/µL), A1AT (4 fmol/µL), A2MG (4 fmol/µL), APOB (4 fmol/ µL), and elastin (120 fmol/µL) (Additional file 9).
Data processing of individual samples
Data were processed in an automated manner with the Skyline software version 3.5. Peaks were integrated automatically with the algorithm of the Skyline software.
Relative quantification
In total, 256 peptides measuring 130 proteins and 4 in vivo peptide degradation products were analyzed on the individual level with targeted SRM. The isotopically labeled standards were used as global normalizers for systemic error correction. The total peak area of each SRM assay was normalized to the total peak areas of each isotopically labeled reference peptide MMP9, A1AT, APOB, and A2MG, respectively (the isotopically labeled peptide for A2MG was represented by both double (927 m/z) and triple charged (618 m/z) precursors, using each of the precursors as a global normalizer separately). Peptides were thus normalized with all four different isotopelabeled peptides, and data from each normalization step and the non-normalized data were statistically evaluated separately.
Absolute quantification
Absolute quantification of MMP9, A1AT, APOB, A2MG, and elastin was determined by calculating the ratio between the total peak areas of the standard peptide and the corresponding labeled peptide (the internal standard). The concentration of the peptide in the sample was calculated by dividing the ratio by the slope of the calibration curve.
Statistical analysis of individual samples
Protein level was determined in samples obtained from welding fume exposure and from filtered air exposure. To assess the changes at the proteome level, the statistical analyses were conducted on the peptide level and further summarized on the protein level. Data were analyzed with SPSS for Windows 23.0 (SPSS Inc., Chicago, IL, USA). Statistical significance was defined as p < 0.05. The data were statistically analyzed with linear mixed modeling (LMM) and Wilcoxon signed rank test.
Linear mixed modeling
To assess if the changes in protein levels were statistically significant, the data were analyzed with LMM, a method in which several variables are considered simultaneously, e.g. the time course of the study and the involvement of multiple experimental exposure factors [26] .
The dependent variables in LMM were the natural logarithmically transformed total peak area normalized to the isotopically labeled reference peptide of MMP9, A1AT, APOB, A2MG, respectively, for the relative quantification. Fixed effects in the model were the two different exposure types (welding fumes and filtered air) and each time point of sampling (immediately after exposure and the day after exposure). Subject was set to a random effect. The sample taken before exposure was set as a covariate. The repeated covariance types chosen were the unstructured covariance structure, the first-order factor analytic covariance structure, and the compound symmetry covariance structure. The assumption of normally distributed residuals was statistically tested with the Shapiro-Wilk test. The normal distribution of the residuals was used to evaluate the validity of the assumptions of the statistical model and was used as a tool for model selection in combination with Akaike information criterion, which is a measure of the relative quality of a statistical model for a given set of data. Data were analyzed according to following model. Peptide changes were shown by the estimated marginal means of the main effect between the exposure term.
The residual was not normally distributed for all peptides for the relative quantification, and the dataset was therefore further analyzed with an additional non-parametric test to additionally check if the significantly changed proteins could be detected with a less sensitive model.
The concentrations obtained by absolute quantification were natural logarithmically transformed and used as the dependent variable. The data were normally distributed, therefore no more statistical analyses were used for the absolute quantification of the data.
Wilcoxon signed rank test
The Wilcoxon signed rank test was conducted for the relative quantification of the different peptides between the different exposure groups at the different time points, Log (peptide) = Over all mean + Exposure + Time calculating the difference between NL1 and NL2 and between NL1 and NL3 for each peptide for each group.
False discovery rate (FDR) analysis
Control for multiple testing (8 tests × 276 peptides = 2208 tests for the LMM main effect test, 6 tests × 2 time points × 276 peptides = 3312 tests for the Wilcoxon signed rank test, and FDR-level: 0.05) was adjusted for with sequential goodness of fit for multiple testing using the SGoF+ algorithm [27] [28] [29] , which resulted in an adjusted significance level 0.030 for the LMM test and 0.036 for the Wilcoxon signed rank test. The multiple test adjustment was conducted with the software SGoF+ (20) (downloaded from http://webs.uvigo .es/acraa j/SGoF. htm) and with the user-defined significance level set at p < 0.05.
Spearman rank correlation
Associations between MMP9 concentration and FEV 1 % and FVC% were examined using Spearman's rank correlation. Statistical significance was defined as p < 0.05 (two-sided p values were determined).
IPA analysis
To evaluate common interactions and pathways of the identified proteins with changed levels, the results were further analyzed with IPA software (Ingenuity Systems, Redwood City, CA, USA, www.ingen uity.com). Significantly changed proteins were mapped and compared to known pathways, diseases, functions, and connecting regulators. The data were also evaluated based on upstream regulators with positive z-scores (activating capacity) and negative z-scores (inhibiting capacity). Key regulators are proteins with an earlier established association with the activation or inhibition of many of the identified proteins, but the regulators are not necessarily detected themselves in the analysis. Default settings were used except for species, which was set to human. In addition, only experimentally observed relationships were considered.
Results
Shotgun data analysis of pooled samples Protein identification and relative quantification
The six pooled samples from the welders were analyzed by shotgun LC-MS/MS. In total, 336 proteins were identified in the pooled samples, whereof 137 proteins remained when the criteria described in the experimental section were applied (Additional file 1). The first observations (NL2/NL1) and second observations (NL3/NL1) were further analyzed with IPA for selection of candidate proteins to be included with targeted SRM (Additional files 2, 3, 4).
Pathway analysis of proteins identified with shotgun analysis and selection of proteins to be further analyzed with SRM
The pathway analysis indicated several pathways associated with the exposure. These were activation of the LXR/ RXR pathway in monocytes, the inflammatory defense mechanism in macrophages, the coagulation system, and anti-inflammatory mechanisms, all of which influence the status of the extracellular matrix (ECM) (Additional files 2, 3). From these pathways, five representative proteins were selected for comprehensive quantitative data collection, including MMP9, which was identified as a key connecting mediator (Additional file 3); A1AT and A2MG, two anti-inflammatory proteins associated with MMP9 activity; APOB, an important lipid-loading protein involved in the low density lipoprotein protein complex; and elastin, an important extracellular protein involved in sustaining the elasticity of the ECM.
Proteins with currently unknown biological functions (according to IPA) were excluded from further analysis. In total, 97 proteins remained in the candidate list to be further analyzed with the targeted SRM method on the individual level. To enable a comprehensive monitoring of biological processes, proteins theoretically involved in the above-mentioned pathways were added to the candidate list. Finally, 150 protein candidates and 4 in vivo degradation peptides from collagen 4A1 and elastin remained in the list (Additional file 4). SRM assays were developed for these candidates (Additional files 5, 6).
In order to further investigate the findings from the analysis of pooled samples, individual samples were analyzed with SRM.
SRM analysis of individual samples
Statistical evaluation
Relative quantification of individual samples using LMM Forty-six significantly changed proteins were found to be associated with welding fume particle exposure compared to the filtered air ( Table 1 ). The beta value reflects the average effect change constant across the individuals between the exposures to welding fumes and filtered air. After the multiple statistical tests were controlled for FDR, 32 proteins were still significantly changed.
Relative quantification and statistical analysis with the Wilcoxon signed rank test
In total, 56 proteins were significantly changed when using the Wilcoxon signed rank test to compare the changes of peptide levels between the groups at the 
Absolute quantification of individual samples using LMM
Quantitative data could only be obtained for MMP9, A1AT, and A2MG (Additional file 9). LODs were determined for the proteins in samples without nasal lavage matrix ( Table 3 ). The absolute quantification of the individual samples showed that 90% of all samples had a concentration higher than the LOD for A1AT, 95% of all samples had a concentration higher than the LOD for A2MG, and 88% of all samples had a concentration higher than the LOD for MMP9 (Table 3 ). The anti-inflammatory proteins A1AT and A2MG were found in higher amounts than MMP9 in all samples ( Table 3 ). The only protein that was significantly changed due to welding fume exposure compared to the filtered air was MMP9. MMP9 had a beta value of 0.77, indicating a decrease in the protein level (Table 3) .
MMP9 levels and lung function
The relationships between MMP9 concentration and lung function were evaluated. Combining the data of the welding fume particle and filtered air exposure for MMP9 concentration and the lung function, revealed that the levels of MMP9 were significantly associated with FVC (p = 0.014) and FEV 1 (p = 0.014) before exposure and with FVC (p = 0.015) and FEV 1 (p = 0.001) after exposure (Fig. 3) . MMP9 had no significant association with FVC or FEV 1 when separating the welding fume particle and filtered air exposure data in the statistical test for the data assessed before exposure. The levels of MMP9 in nasal lavage samples collected after exposure to welding fume particles were significantly associated with FEV 1 (p = 0.005), and a trend toward an association with FVC (p = 0.079) was seen. The welders with the lowest FVC and FEV 1 had low levels of MMP9 compared to the rest of the welders in this study (Additional file 10). The welders with the highest FVC and FEV 1 during the baseline medical examination had high levels of MMP9 compared to the rest of the welders in this study.
Quality of the SRM data
Duplicate analyses of 126 prepared samples were performed by LC-SRM. Based on analyses of all samples, 69% of the SRM assays had a CV less than 20%. When normalizing the total area of each SRM assay to the total area of either of the isotopically labeled peptides belonging to MMP9, A1AT, A2MG, and APOB, 84, 83, 72, 73, and 84%, respectively, had a CV less than 20%.
Pathway analysis of significantly changed proteins from individual samples
Pathway analysis of the proteins with significantly changed levels according to LMM suggested that the proteins had two major pathways in common ( Table 4 ). The first pathway was activation of acute phase response signaling, and this was supported by protein data indicative of induced inflammation, including acute phase proteins such as hemopexin and serum amyloid A1, both of which were upregulated following exposure to welding fumes. The second pathway was activation of LXR/RXR, a nuclear receptor family involved in lipid, inflammation, and cholesterol regulation, and this was supported by decreased levels of MMP9 and by increased levels of paraxonase 1 and clusterin, both of which are proteins found in high-density lipoproteins.
Based on the significantly changed proteins, a number of key regulators were identified in the IPA analysis (Fig. 4) . A key connecting regulator identified in this study was transforming growth factor (TGF)-β, and it was indicated to be inhibited. The following mediators that were detected in our data set supported this finding: MMP9, tissue inhibitor of metalloproteinases 1, fibronectin, and vimentin. Another identified key regulator was IL-6, a pro-inflammatory cytokine, and this was supported by MMP8, serum amyloid A1, interleukin-1 receptor antagonist, and tissue inhibitor of metalloproteinases 1. IL-6 was also associated with TGF-β. TNF and IL-1β were also identified as key regulators in the induced proteome effect. The key regulators and proteins identified in this study have previously been associated with several diseases, including chronic obstructive pulmonary disease, cystic fibrosis, and asthma (Fig. 4) .
Table 1 (continued)
Relative quantification of individual samples generated this protein list of the significantly changed proteins after welding fume exposure compared to filtered air, and these were evaluated by LMM, p < 0.05. The beta value represents the average change of the protein level after welding fume exposure f Peptides not significantly changed after multiple test correction (FDR), p > 0. 03 The significantly changed proteins identified with the Wilcoxon signed rank test also showed activation of the LXR/RXR pathway and activation of acute phase signaling (Additional file 11).
Discussion
Biological findings
In this study, we observed the effects on the proteome level in the nasal region after exposure to welding fumes. Proteins with changed levels were detected following welding fume particle exposure compared to filtered air, although neither clinical symptoms nor specific proinflammatory markers in nasal lavage were recorded in the study subjects [18] . This suggests that by applying a more comprehensive proteomic analysis, important biological information might still be gained even if no clinical symptoms can be recorded. Overall, the data analysis suggests that the proteins that differed in expression between welding fume particle and filtered air exposure are primarily involved in acute phase response and lipid regulation.
Changes in the proteome might result from a large number of factors, including metabolism and current health status, and the levels of many proteins with regulatory functions show a diurnal variation [30, 31] . By applying a study design where each study subject is its own control and where protein changes are associated with welding fume particle exposure compared to filtered air exposure, any changed levels of proteins will most likely be linked to the external exposure. Diurnal variation of protein levels was thus automatically taken into account.
It is possible that previous exposure might influence the symptoms and sub-clinical responses, but in this project exposures were performed on Mondays making sure that no occupational exposure to welding occurred at least 48 h prior to the experimental exposure, minimizing the short term response interference.
In epidemiological studies of welders, the study subjects are exposed to both the emitted particles and the gases making it impossible to determine the exact cause of any biological response. In this study, the gases and particles were separated, and the study subjects were mostly exposed to the particle fraction. Previous studies have shown that when welding fumes are inhaled by humans, an inflammatory response is induced [15] . The result from the present study shows that the welding fume particles alone might induce an inflammatory response on the proteome level.
The subjects were exposed to particles at levels corresponding to a fifth of the permissible occupational exposure limit level in Sweden. The inhaled dose was, however, probably even less during the experimental exposure than it would have been in a true exposure situation because the welders were sitting still in a chamber without any physically demanding tasks. Even with this limitation, the welding fume particle exposure could still induce a protein response in the nasal region of the symptomatic welders.
The pro-inflammatory cytokines TNF, IL-1β, and IL-6 are suggested in this study to be key regulators connecting the proteins with changed levels, and this supports previous findings regarding inflammation as an Relative quantification of individual samples generated this list of the significantly changed proteins after welding fume exposure compared to filtered air, and these were statistically evaluated with the Wilcoxon signed rank test both immediately after exposure and the day after exposure, p < 0.05 f Peptides not significantly changed after multiple test correction (FDR), p > 0.036 Combining the data from both the welding fume exposure day and filtered air exposure day. *Correlation is significant at the 0.05 level (2-tailed). **Correlation is significant at the 0.01 level (2-tailed)
Table 4 Pathways associated with welding fume exposure
The significantly changed proteins found with the LMM statistical method showed that these canonical pathways were activated due to welding fume exposure. AC: accession number. Expected: The changed direction of the protein for this canonical pathway to be activated are expected to go in e certain direction when its activated important mechanism behind the response induced by welding fume exposure [5, 32] . Our data also indicate that the welding fume particle exposure not only affects the inflammatory response, but also induces imbalances in the regulation of the ECM. There a number of structural proteins that form the basis of connective tissue in the respiratory tract, including collagen I A2, desmoplakin, fibronectin, moesin, tight junction protein ZO-1, and junctional adhesion molecule A. The formation and degradation of connective tissue is highly regulated by the enzymatic activity of proteases. Significantly changed levels of several structural proteins were found following welding fume particle exposure, many with increased levels the day after exposure. Also, significantly changed levels of proteases such as metalloproteinases and a serine protease HTRA1, were detected. MMP8 increased in nasal lavage after exposure, and MMP9 decreased after exposure. MMP8 and MMP9 belong to a family of proteases that degrade ECM proteins. They play a central role in normal tissue structure to maintain the balance between the formation and degradation of ECM proteins and are involved in respiratory tract remodeling [33, 34] . MMPs are in turn inhibited by tissue inhibitor of metalloproteinases [35] . TGF-β was identified in the IPA analysis (Fig. 4) , and this cytokine activates fibroblasts to produce collagen [36] and thus plays an important role in tissue repair by regulating the activities of proteins involved in the structural formation of connecting tissue as well as inflammatory responses. The increased or decreased levels of structural proteins in nasal lavage fluid might be the result of tissue damage induced by the exposure, such that damaged cells release their intracellular content; inflammatory or epithelial cells secreting extracellular components and cleaving the structural proteins; or damage to the tight junctions of the epithelial cells such that the permeability increases. Previous studies show an association between welding fume exposure and increased risk of developing fibrosis, chronic obstructive pulmonary disease, and asthma [37] [38] [39] , and MMPs have been suggested to play an important role in the pathogenesis of these respiratory diseases (Fig. 4) . MMPs can show both pro-and anti-fibrotic activity by degrading ECM proteins and activating various signaling molecules that influence the inflammatory response as well as through inhibition of ECM degradation processes [40] [41] [42] . Chronic obstructive pulmonary disease and asthma are both associated with airflow restriction and progressive remodeling, which affect the respiratory tract, although the localization and character of the structural changes throughout the respiratory tract wall are different [43] . The remodeling concerns highly composed structural transformation, which affects the airways and leads to significant functional impairment [44] .
In normal tissue, the balance between the formation and degradation of ECM proteins is strictly controlled to maintain tissue structure and function [45] . If this balance is disrupted, accumulation of structural connective tissue can lead to fibrotic tissues. Defined by the accumulation of ECM proteins, fibrosis results in scarring and thickening of the affected tissue; it is in essence an exaggerated wound healing response that interferes with normal organ function. In this study, a significant correlation between the concentration of MMP9 in nasal lavage and lung function (FEV 1 and FVC%) was detected (Fig. 3) . A relationship between MMP9 concentration and pulmonary function, bronchodilator response, and emphysema severity has previously been suggested [46, 47] . Together, these results suggest that the MMP9 level might be associated with the lung function status of each individual welder in this study. In a previous study of welders with and without symptoms, gene expression analysis in induced sputum [48] revealed that genes differentially expressed following welding fume exposure were connected to responses related to tissue damage, immune defense, and inflammation, and one gene that was highly expressed by the asthmatic subjects codes for MMP25, a membrane bound metalloproteinase. Prolonged or frequent exposure to pro-inflammatory agents might promote the development of chronic inflammation with associated damage and transformation of the respiratory epithelium [49, 50] .
Also interesting is the presence and increase of the high density lipoprotein-associated proteins serum amyloid A1, paraxonase 1, and clusterin. Knowledge is limited regarding the presence of high density lipoprotein in nasal mucosa, but in the blood stream serum amyloid A1 is an important acute phase protein, and paraxonase 1 is an important antioxidant [51, 52] . Increased paraxonase 1 levels after welding fume exposure might reflect increased oxidative stress in the mucosa and thereby an increased need for antioxidant activities. Regarding clusterin, it has previously been shown that the human clusterin gene is responsive to acute in vivo oxidative stress induced by heavy metals [53] . However, these suggestions have to be further studied because there is a possibility of leakage from the circulation as result of exposure-related tissue damage. A previous study [18] of a symptomatic welding group showed that they had an increasing trend of blood neutrophils after exposure and that they had a tenfold higher level of exhaled breath condensate leukotriene B4 compared to the other groups. Leukotrienes use lipid signaling to convey information order to regulate immune responses, and leukotriene B4 is involved in inflammation [54] . Its primary function is to recruit neutrophils to areas of tissue damage, though it also helps to promote the production of inflammatory cytokines by various immune cells.
Previous studies have shown that most of the upregulated inflammatory response was diminished within 19 h after exposure to welding fumes [55] . This study showed that the inflammatory response that results from welding fume particle exposure is still detectable the day after exposure and that the levels of proteins in the ECM were affected. In parallel, immunosuppressive mediators (A2MG, interleukin-1 receptor antagonist, and uteroglobin) were also detected the day after exposure suggesting that processes attempting to resolve the inflammation had been initiated. If the inflammation is still present the day after exposure and the exposure continues, this might lead to a prolonged inflammatory response with no time to resolve itself.
Methodological considerations Discovery followed by a targeted mass spectrometry method
More than 300 proteins were identified with the shotgun analysis. Cutoff criteria were used to minimize labor and the time-consuming analysis of redundant proteins. To focus on the proteins that are changed on global level, the median ratio of NL2/NL1 and NL3/NL1 for the increased or decreased proteins was chosen as the cutoff for proteins considered to have a relatively large enough change to detect. The chosen cutoffs were based on the magnitude of change detected for this set of data, which could differ depending on the exposure and the studied group. The combination of the discovery shotgun method and targeted mass spectrometry method (Fig. 2) enabled us to focus the measurements on relevant proteins with potential interest in the induced effects. Another advantage was that crucial proteins that for some reason were not detected with the shotgun method were identified via the pathway analysis in the targeted method and were selected for further analysis.
Absolute quantification in comparison to relative quantification for individual samples
Statistical analysis of protein levels determined with absolute quantification showed that the level of MMP9 was significantly changed after welding exposure, whereas the statistical analysis of protein levels determined with relative quantification showed that MMP9 as well as A2MG were significantly changed. However, absolute quantification was based on only one peptide, which made this method less robust, although the analysis had high reproducibility. These results show that it is important to include several peptides in each assay for quantification. In shotgun MS identification of a protein is usually based on many peptides. For relative quantitative SRM methods as well, many SRM assays with peptide criteria are included in the measurement of a protein giving a high degree of protein coverage. But since mass spectrometry is not inherently quantitative because of differences in the ionization efficiency and/or detectability of the many peptides in a given sample it cannot determine the absolute abundance of proteins in a sample. The intensity of a peak in a mass spectrum is not a good indicator of the amount of the analyte in the sample, although differences in peak intensity of the same analyte between multiple samples accurately reflect relative differences in its abundance. In this study the absolute quantification was based on peptides as opposed to proteins consequently subjected to trypsin digestion and therefore post-digest addition of internal standards was applied. One limitation with such a strategy is that any loss occurring at the digestion step is not compensated for. It has earlier been shown that losses of peptides may occur during trypsin digestion [56] . For absolute quantification, the selected peptide is also chosen based on several stringent criteria, thus leaving very few peptides selectable for absolute quantification but there is no guarantee that this peptide ionizes well. This might leave us with a peptide with low reproducibility and low sensitivity which will have a major effect on the absolute quantification method. Therefore, the label free relative quantification is advantageous in terms of providing reasonable proteome coverage with only little investment and method optimization, but may be limited in terms of accuracy and selectivity.
Verification of protein changes
Different LC-MS techniques were applied in this study to qualitatively and quantitatively determine proteins. A discovery based shotgun LC-MS analysis was used initially to identify proteins on the group level. Then, semi-quantitative and quantitative methods were applied on individual samples to determine and quantify protein levels. The mass spectrometry methodology and especially in combination with LC-separation offers identification and quantification of very high specificity and accuracy. In the SRM assays we included unique peptides, at least three transitions per peptide and at least three assays per protein were used. In addition, an isotope labelled internal standard was included during absolute quantification to further support the specificity. If robust mass spectrometric assays for quantification are available, e.g. as for MMP9 in this study, such methodology may be sufficient to verify proteome changes determined with semi-quantitative mass spectrometry. Should robust quantitative MS assays not be available then intact protein testing using immunoassays may be more suitable to confirm results. However, immunoassay of proteins may suffer from cross-reactivity generating overestimated results and it could be argued that SRM LC-MS is superior to western blot when it comes to accuracy and specificity [57] .
Global normalization
The strength of this approach was the use of the isotopically labeled peptides as global normalizers for the peptides that were relatively quantified. This was applied to control for variations in sample preparation, desalting, sample handling, and instrument operation. This type of normalization is rather rough, and there is a risk of losing important findings for peptides that do not vary in the same way as the global isotopically labeled peptide. Using more than one isotopically labeled peptide as a global normalizer increases the chance of finding a good normalization for each peptide.
Statistical evaluation on the peptide level for individual samples
For most of the significantly changed proteins, only one peptide showed a significantly changed level (Tables 1,  3 ). The reason for this could be that different signal intensities could be generated from different peptides depending on the ionization capacity of that peptide. A weak signal might cause greater variation and therefore a larger degree of uncertainty. Proteins were represented by 1-4 peptides, and when the trends in the changes in peptide levels representing the same protein were in line with each other, which was the case for a majority of the analyzed peptides, the results can be considered reliable.
Thirty proteins could be identified both with LMM and Wilcoxon signed rank test, and 26 proteins were exclusively identified with the Wilcoxon signed rank (Table 3) and 16 proteins were exclusively identified with LMM. To a large extent, the two statistical models identified similar proteins that were significantly changed upon exposure to welding fumes. The LMM method yielded a higher sensitivity (lower p values) for proteins that were significantly changed. LMM can handle several variables in the same statistical analysis, resulting in the need for fewer statistical tests, and thus lower FDR.
Pathway analysis
Pathway analysis identifies common signaling molecules shared between the proteins and if several proteins can be identified in the same pathway, then there is a higher likelihood that this pathway is involved in the biological response. The changed direction of the proteins for the identified canonical pathways to be activated are expected to go in e certain direction when its activated. Our data does not fully go in line with this canonical pathway protein direction. The changed protein levels after an exposure might be driven by a cascade of changed proteins [58, 59] , with different protein changes appearing at different time points. In this study, the sampling is taken just a few times after the exposure. This will make the appearance of all the altered proteins impossible to find from the few sampling points.
Sampling
By instilling the nasal cavity with saline solution, cells and secreted mediators as well as intracellular components released because of cell damage in the nose can be collected. If cells were damaged by the sampling procedure and not by the exposure, this would occur at all sampling times and thus no significant change would be observed between the two exposures. However, if an exposure induces some cell damage so that, for example, the permeability of the nasal mucosa were to increase, this could be observed by detecting components from the mucosal tissue.
Conclusion
In conclusion, by applying a comprehensive mass spectrometric work flow a proteome-level response in the nasal upper airway region was demonstrated following mild steel welding fume particle exposure even though no clinical symptoms could be detected. Proteins with significantly changed levels were associated with inflammation and lipid signaling pathways and with changes in the status of the ECM. Several proteins, including MMP8 and MMP9, that were associated with the welding fume particle exposure should be further investigated as biomarkers in future studies.
